Adipokine leptin regulates neuroendocrine circuits that control energy expenditure, thermogenesis and weight loss. However, canonic regulators of leptin secretion, such as insulin and malonyl CoA, do not support these processes. We hypothesize that epiregulin (EREG), a growth factor that is secreted from fibroblasts under thermogenic and cachexia conditions, induces leptin secretion associated with energy dissipation. The effects of EREG on leptin secretion were studied ex vivo, in the intra-abdominal white adipose tissue (iAb WAT) explants, as well as in vivo, in WT mice with diet-induced obesity (DIO) and in ob/ob mice. These mice were pair fed a high-fat diet and treated with intraperitoneal injections of EREG. EREG increased leptin production and secretion in a dose-dependent manner in iAb fat explants via the EGFR/MAPK pathway. After 2 weeks, the plasma leptin concentration was increased by 215% in the EREG-treated group compared to the control DIO group. EREG-treated DIO mice had an increased metabolic rate and core temperature during the active dark cycle and displayed cold-induced thermogenesis. EREG treatment reduced iAb fat mass, the major site of leptin protein production and secretion, but did not reduce the mass of the other fat depots. In the iAb fat, expression of genes supporting mitochondrial oxidation and thermogenesis was increased in EREG-treated mice vs control DIO mice. All metabolic and gene regulation effects of EREG treatment were abolished in leptin-deficient ob/ob mice. Our data revealed a new role of EREG in induction of leptin secretion leading to the energy expenditure state. EREG could be a potential target protein to regulate hypo-and hyperleptinemia, underlying metabolic and immune diseases.
Introduction
Leptin (LEP) is a critical hormone that regulates energy balance (Friedman 2016) . LEP is secreted primarily by adipose tissue and has been classified as an adipokine (Friedman 2016) . LEP functions are mediated by the LEP to its neuroendocrine function in the hypothalamus (Bates et al. 2003) . Deficiency in Lep is associated with severe obesity and insulin resistance in ob/ob mice (Friedman 2016) . Similar shifts to anabolic processes occur in human subjects with genetic Lep deficiency, who develop morbid obesity and hyperphagia (Farooqi et al. 2002) . Restoration of circulating LEP levels increases energy expenditure, decreases hyperphagia and abolishes metabolic disease in mice and humans with congenital deficiency in Lep (Farooqi et al. 2002) . This fundamental and clinical research supports the notion that LEP plays a critical role in catabolic processes, culminating in energy expenditure (Friedman 2016) .
Paradoxically, factors stimulating LEP secretion after feeding are attributed to a variety of anabolic factors, including glucose, insulin, glucocorticoids, mTOR, malonyl-CoA, leucine, and adenosine (Szkudelski 2007) . The secretion of LEP, stimulated by these factors, does not involve regulation of Lep expression and is inhibited by Ca 2+ deprivation. In response to anabolic mediators and feeding, the secretion of LEP transiently increases energy expenditure and thermogenesis (Zhang et al. 2007) . Moreover, the presence of LEP helps adipocytes utilize glucose for ATP production (Szkudelski 2007) . However, in this scenario, LEP appears to indirectly support synthetic processes, notably, lipogenesis (Buettner et al. 2008) . Combined, lipogenesis and lipolysis can increase intracellular accumulations of fatty acids, which suppress expression of Lep and LEP secretion in a feedback response (Szkudelski 2007) . On balance, these anabolic stimuli increase LEP secretion to support an obesogenic phenotype.
In contrast, regulators of LEP secretion in catabolic settings are considerably understudied. Catabolic conditions, including cold exposure, fasting, and exercise are all associated with a decrease in LEP secretion (Szkudelski 2007) . The metabolic inducers of energy expenditure, such as intracellular cAMP and lactate, abate leptin secretion with or without insulin and glucose (Szkudelski 2007) . Currently, only extracellular eicosapentaenoic fatty acid (EPA) stimulation is associated with LEP secretion that enhances mitochondrial oxidation (Perez-Matute et al. 2005) in vitro and in vivo in association with the intra-abdominal (iAb) fat loss (Perez-Matute et al. 2007) . It is unclear what physiological factor regulates LEP secretion in a way that supports a catabolic response.
Epiregulin (EREG) is a member of the epidermal growth factor (EGF) family ligands, including beta cellulin, heparin-binding-EGF and neuregulin (Riese & Cullum 2014) . EREG binds to EGF receptor family (ERB) members EGFR (ERBB1) and ERBB4 (HER4). Under physiologic conditions, EREG is expressed in fibroblasts/ preadipocytes (Toyoda et al. 1995) and in skin, lung, adipose, reproductive and immune tissues (Riese & Cullum 2014) . The current paradigm in the understanding of EREG function is based on the current belief that its sole role is as a ligand for EGFR (Riese & Cullum 2014) . EREG secretion accompanies numerous physiologic processes, such as reproduction and pancreatic β-cell function. Production of EREG also occurs during inflammation and carcinogenesis (Riese & Cullum 2014) , which are also accompanied by hyperleptinemia (Tessitore et al. 2000) , suggesting a possible link between these pathways. Indeed, EREG forms less stable dimers with EGFR than does EGF with EGFR, which reduces EREG's carcinogenic potential (Freed et al. 2017) . In cancers, an association has been demonstrated between elevated EREG secretion and thermogenesis and increased energy expenditure in mouse models of cachexia (Kir et al. 2014) . The mechanism by which EREG could contribute to energy expenditure state remains unknown, since EREG was not able to induce direct thermogenic responses in preadipocytes (Kir et al. 2014) . However, thermogenic modifications in adipocytes deficient in aldehyde dehydrogenase a1 were accompanied by Ereg expression (Shen et al. 2018) . Here, we test EREG efficacy in the induction of LEP secretion, in vivo and in vitro, and the relevance of this secretion for the induction of catabolic energy expenditure states.
Materials and methods

Reagents
All reagents were purchased from Sigma and all cell culture mediums from Life Technologies unless otherwise indicated. Mouse monoclonal anti-EREG antibody was purchased from Santa Cruz Biotechnology and secondary antibody from LI-COR Biosciences (Lincoln, NE, USA). Mouse recombinant EREG was obtained from Sino Biological (Beijing, China). HSL (CAY10499), PI3K (Wortmannin) inhibitors were purchased from Cayman Chemical. PPARα (GW6471), MAPK (U0126) inhibitors were purchased from Tocris Bioscience (Bristol, UK), and EGFR (Tyrphostin AG1478) inhibitor from Sigma-Aldrich.
Animal studies
Animal studies were approved by the Institutional Animal Care and Use Committee of The Ohio State University (OSU).
Blinding
Animal samples were coded and data analyses were performed by personnel at the OSU Nucleic Acids Core facility who were blinded to the experimental groups.
EREG effects on WT mice fed a high-fat (HF) diet (DIO)
Six-week-old C57BL/6J male mice (WT) were fed a high-fat diet (HF, 45% kcal from fat, D12451, Research Diet Inc.) for 30 days. Then, mice were randomly assigned into:
(1) A control group injected with 0.1 mL sterile phosphate buffered saline (PBS) into both epididymal iAb fat pads (n = 7), and (2) EREG-treated group injected with EREG (1.5 ng/g body weight, corresponding to 20 ng per epididymal iAb fat pad) (n = 7). Mice were injected with 0.1 mL sterile PBS, containing 200 ng EREG/mL.
Mice were individually housed and pair fed when the injections started. Mice were injected every other day for 2 weeks.
EREG effects on ob/ob mice fed a high-fat (HF) diet
Six-week-old ob/ob male mice (B6.V-Lepob/J strain containing spontaneous mutation in the gene encoding leptin congenic on C57BL/6J), purchased from the Jackson Laboratory (n = 10), were fed a high-fat diet (HF, 45% kcal from fat, D12451, Research Diet Inc.) for 30 days and then randomly assigned into two groups:
(1) A control group injected with 0.1 mL sterile PBS into both epididymal iAb fat pads (n = 5), and (2) EREG-treated group injected with (EREG 2.7 ng/g body weight corresponding to 60 ng per epididymal iAb fat depot) (n = 5). Mice were injected with 0.1 mL sterile PBS, containing 600 ng EREG/mL. These mice were pair fed and individually housed during injections. Mice were injected every other day for 2 weeks. Metabolic measurements were performed as described below. Epididymal WAT was collected for protein, mRNA and histology.
Comparison of lean and obese mice with dietary and genetic obesity
Three groups of mice were studied. Group 1: Four-monthold WT mice (n = 8, body weight 25.9 ± 3.8) fed regular chow (4 males and 4 females). Group 2: Three-month-old WT mice fed with HF diet (n = 8, 4 males and 4 females, body weight 37.7 ± 8.2). Mice with diet-induced obesity were purchased from The Jackson Laboratory (C57BL/6J DIO) and continued on 45% HF for 3 weeks. Group 3: To compare DIO and genetically obese mice with a similar body weight, we purchased 2.5-week-old ob/ob (B6.V-Lepob/J strain containing spontaneous mutation in the gene encoding leptin congenic on C57BL/6J) mice from The Jackson Laboratory (n = 8, 4 males and 4 females, body weight 43.9 ± 6.1, P = 0.13 between DIO and ob/ob, unpaired t-test) . iAb perigonadal fat pads were collected as described (Yasmeen et al. 2012) for mRNA and NanoString analysis.
Metabolic measurements
Infrared images were obtained using a camera (79R5437 FLK-TIS 9HZ Thermal Imaging Scanner: Fluke, WA, USA). Metabolic parameters were measured by indirect calorimetry (CLAMS, Columbus Instruments, Columbus, OH, USA) at an ambient temperature (22°C) with 12 h light/darkness cycles. The capacity at this facility was limited to four mice per study group; therefore, cold exposure and other measurements were performed with four randomly selected mice per group. Animals were fed the same HF diet, and water was provided ad libitum. Mice were placed individually and allowed to acclimate to the chambers for 12 h. O 2 consumption, CO 2 production, energy expenditure and locomotor activity were measured for 24 h. Then, the temperature was changed to 4°C for 6 h. Based on these data, respiratory quotient, activity, exchange ratio (V CO2 /V O2 ) and Δ heat values were calculated by CLAMS.
Ex vivo study
Epididymal iAb fat pads dissected from C57BL/6J male mice were excised into 80 mg sections for stimulation with different concentrations of EREG. Explants were stimulated with EREG in DMEM containing 1% FBS for 2 h. Media was collected after 2 h, lyophilized and reconstituted in 120 µL deionized water for LEP detection using ELISA kit (Alpco, Salem, NH, USA). A similar experiment was carried out where explants were stimulated with inhibitors of PPARα (GW6471, 10 µM), MAPK (U0126, 10 µM) and PI3K (Wortmannin, 200 nM) . To analyze production of LEP, fresh epididymal iAb fat pads were collected from 12-week-old male C57BL/6J mice (n = 3) and treated with or without EREG 50 ng/mL in DMEM containing 10% CS for 12 h. All treated fat pads were lysed and normalized to 15 µg protein. Levels of LEP in iAb fat lysates produced and secreted into the medium were determined using ELISA kit (Crystal Chem, Elk Grove Village, IL, USA).
Gene expression quantification by NanoString nCounter assay
NanoString's nCounter (NanoString Technologies) analysis system performs direct detection of target molecules without an amplification step. Target molecules are detected simultaneously from a single sample using color-coded molecular barcodes, giving a digital quantification of the number of target molecules. A custom panel containing Ereg, thermogenic genes and PPARα-target genes was designed and used for simultaneous quantification of 37 genes, including housekeeping genes. All data were normalized to three housekeeping genes, Gapdh, Pgk1 and Tubb, and quantified in the same samples using nSolver Software. Total mRNA (100 ng in 5 µL) was hybridized overnight with nCounter Reporter (20 µL) probes in hybridization buffer and in an excess of nCounter Capture probes (5 µL) at 65°C for 16-20 h. The hybridization mixture containing target/ probe complexes was allowed to bind to magnetic beads containing complementary sequences on the Capture Probe. After each target found a probe pair, excess probes were washed followed by sequential binding to sequences on the Reporter Probe. Biotinylated capture probebound samples were immobilized and recovered on a streptavidin-coated cartridge. The abundance of specific target molecules was then quantified using the nCounter Digital Analyzer. Individual fluorescent barcodes and target molecules present in each sample were recorded with a CCD camera by performing a high-density scan (600 fields of view). Images were processed internally into a digital format and were normalized using the NanoString nSolver software analysis tool. Counts were normalized for all target RNAs in all samples based on the positive control RNA to account for differences in hybridization efficiency and post-hybridization processing, purification and immobilization of complexes. The average was normalized by background counts (the average of the eight negative control counts) for each sample. Subsequently, a normalization of mRNA content was performed based on Gapdh, Pgk1 and Tubb internal reference housekeeping genes.
Semi-quantitative mRNA analysis
For analysis of Egfr and Erbb4 expressions, mRNA was isolated from epididymal iAb fat of 10-week-old male C57BL/6J mice (n = 5). For other markers, mRNA was isolated from adipocyte cultures according to the manufacturer's instructions (Qiagen). cDNA was prepared from purified mRNA and analyzed using 7900HT Fast Real-Time PCR System, TaqMan fluorogenic detection system and validated primers (Applied Biosystems). Comparative real-time PCR was performed in triplicate, including no-template controls. The mRNA expression of interested genes was normalized by 18S or TATA boxbinding protein expression level using the comparative cycle threshold (Ct) method.
Non-esterified fatty acids (NEFA) and triglyceride (TG) assays
Plasma NEFA also (termed 'free' fatty acids) and TG were measured in plasma samples, using kits from Wako Diagnostics.
Statistical analysis
All data are shown as mean ± s.d. and analyzed with SPSS 25 (IBM Corp.). The number of samples is indicated in Figure  legends . Group comparisons were assessed using twosided Student's t-test or ANOVA for normally distributed parameters. Mann-Whitney U test or Kruskal-Wallis tests were used for non-parametric values. Asterisks show P < 0.05 that was considered to be statistically significant.
Results
EREG stimulated leptin (LEP) secretion from iAb fat ex-vivo
To investigate EREG's role in LEP secretion, we studied the effects of EREG in mouse epididymal iAb fat explants. EREG induced dose-dependent release of LEP from mouse iAb fat explants (Fig. 1A) . We validated this observation using iAb fat explants from different mice. EREG stimulation increased LEP production in iAb fat (Fig. 1B) , as well as its secretion into medium (Fig. 1C) . EREG mediated its signaling primarily via EGF receptor (EGFR), which leads to MAPK activation (Roskoski 2014) . Egfr was abundantly expressed in iAb fat, whereas Erbb4 expression was low (Fig. 1D) . EREG-dependent LEP secretion was moderately decreased with EGFR inhibitor, tyrphostin, and abolished with the MAPK inhibitor, U0126 (Fig. 1E) . PI3K activation was also reported downstream of EREG activation of EGFR (Roskoski 2014) ; however, inhibition of PI3K did not influence LEP secretion by EREG (Fig. 1F) . Given that LEP secretion could depend on intracellular lipid status, e.g. EPA hydrolysis, we inhibited hormone sensitive lipase (HSL) and PPARα transcriptional response. However, inhibitors of HSL and PPARα did not disrupt EREG-mediated activation of LEP secretion (Fig. 1F) . We concluded that EREG is a candidate inducer of LEP secretion via EGFR/MAPK signaling cascade.
EREG stimulated LEP secretion in mice with diet-induced obesity (DIO)
We examined the effect of EREG on LEP secretion in wild-type (WT) mice challenged with a high-fat diet (DIO mice). We selected a short treatment time to minimize inflammatory and injury responses related to injections. DIO mice were treated six times with EREG (1.5 ng/g body weight) over a period of 2 weeks. EREG injections into iAb fat had no significant effect on Lep expression in both EREG-treated and control DIO groups ( Fig. 2A) . However, the plasma levels of secreted LEP were 215% higher in EREG-treated vs non-treated mice (Fig. 2B) . EREG treatments also increased the levels of non-esterified fatty acids (NEFA) in plasma (587% in EREG-treated compared to control DIO mice) (Fig. 2C) . In contrast, plasma triglyceride (TG) levels were reduced by 47.6% in EREGtreated vs control DIO mice (Fig. 2D) .
EREG increased energy expenditure and iAb fat loss in DIO mice
Next, we measured the association of LEP secretion with a catabolic phenotype in EREG treated mice. Metabolic rate was calculated based on rate of oxygen consumption measured in the acclimated, individually housed mice for 24 h at an ambient temperature (RT) and after 6 h coldexposure in metabolic cages. The basal metabolic rate was identical during resting periods in both groups (Fig. 3A,  left) . However, during the active dark period, metabolic rate was higher in EREG-treated compared to non-treated DIO mice at RT (Fig. 3A, left) and after cold exposure (Fig. 3A, right) . The EREG-treated DIO mice reached a maximal metabolic rate plateau in a significantly shorter period of time compared to the control group during the cold exposure (Fig. 3B) . The locomotor activity during light and dark period at RT, as well as during cold exposure, was similar between DIO groups (Fig. 3C) . Respiratory exchange ratio (RER) was not statistically different between groups; however, EREG mice maintained RER values above 0.8, indicating glucose was their main source for energy (Fig. 3D) . The body temperature in DIO mice was assessed based on infrared scanning. The intensities were quantified as the differences in the intensities following cold exposure and basal values obtained at RT (Fig. 3E) . EREG treatment significantly increased abdominal core body temperature compared to control DIO mice in agreement with the increased metabolic rate in these mice (Fig. 3A) . The increase in abdominal core body temperature occurred within areas containing epididymal iAb fat (Fig. 3E, arrows) . These data support increased energy expenditure in response to EREG treatment in DIO mice.
EREG increased iAb fat loss in mice
In our experiment, EREG treatment has a modest effect (range 0-5% compared to the initial weight) on weight regulation (Fig. 4A ) in DIO mice with food intake controlled by pair feeding (Fig. 4B) . The comparison of weight changes before and after EREG treatment indicated minor, but significant differences in DIO mice treated with EREG (Fig. 4A) . The weight changes in the control group fluctuated and were not significant. EREG treatments did not influence liver weight (Fig. 4C) . Both EREG and control mice groups had similar weight of brown fat (Fig. 4D) , and subcutaneous WAT (Fig. 4E) . The difference in weight resulted from changes in the epididymal iAb WAT. EREG-treated mice had 32% less iAb fat than non-treated mice (Fig. 4F) . Given that the increase in thermogenesis was also associated with the iAb fat location (Fig. 3E) , we analyzed the expression of genes regulating thermogenesis and mitochondrial oxidative phosphorylation in this fat depot.
EREG induced genes associated with oxidative phosphorylation and thermogenesis
Gene expression was quantified simultaneously for all measured genes and housekeeping genes using NanoString assay. An analysis of gene expression in iAb fat showed similar expression of Pparg (Fig. 5A) and Ppara (Fig. 5B ) in EREG-treated and control DIO mice. However, we found an increased expression of the PPARα target genes, Mcad, and Cpt2 (Fig. 5B) , and genes supporting mitochondrial oxidation, e.g. CoxIV (Fig. 5C ), in the iAb fat of EREG-treated vs non-treated DIO mice. EREG treatment induced increased expression of Pgc1a, Cidea genes (197% and 275%, respectively, compared to 100% expression seen in iAb fat in the control DIO group, Fig. 5D ). Similarly there was a 179% increase in Rip140 (Fig. 5E ) and a 187% increase in Dio2 (Fig. 5F ) expression in the iAb fat was associated with EREG-treatment vs non-treated DIO. These genes are established regulators of oxidative phosphorylation and thermogenesis (Kir et al. 2014 ). These differences in thermogenesis were not associated with the increased levels of brown adipocytes, since the expression of brown adipose tissue (BAT) marker Prdm16 was similar between groups (Fig. 5F ). Although Ucp1 expression was increased 2-fold in EREG-treated vs control group, it was not significant due to the substantial variation within the treated group (Fig. 5F ). In other studies in 3T3-L1 adipocytes (Kir et al. 2014) , high concentrations of EREG induced robust Ucp1 expression. We also assessed a possible contribution of inflammation to energy expenditure mediated by EREG/LEP. The expression of pro-inflammatory genes, Tnfa and Mcp1, were suppressed in EREG vs control group (Fig. 5G) . The expression of CD137, activated in regulatory lymphocytes, was similar in both groups. Therefore, EREG treatment increased mitochondrial and thermogenic gene expression without triggering inflammation. We also examined the effect of dietary and genetic obesity in Ereg expression in the iAb fat (Fig. 5H) . Ereg expression in the iAb fat saw a similar increase in both DIO and ob/ob mice compared to the lean mice group. Moreover, Ereg expression within all groups was not sex-dependent. Next, we tested whether EREG can induce similar energy expenditure in ob/ob in the absence of LEP, as in DIO mice.
EREG regulated energy expenditure and iAb gene expression in a Lep-dependent manner
We treated ob/ob mice fed the same high-fat diet with recombinant EREG (2.7 ng/g body weight) for two weeks. Due to a high amount of iAb fat in the intraperitoneal cavity of the ob/ob mice, we increased the dose of EREG 
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Body temperature scans (thermomap) DIO mice groups measured after cold exposure (mean ± s.d., n = 4/group). Arrow indicates the injected sites after cold exposure. Yellow color indicates increased temperature in DIO mice treated with EREG vs mice injected with PBS (Veh). Temperature was quantified within same size iAb areas (Numbers inside animals were generated by camera's software to indicate highest and lowest point of measurements that are irrelevant to iAb temperature). Student's t-test. to ensure adequate exposure to EREG. Treatment with EREG in ob/ob mice did not prevent weight gain in these mice (Fig. 6A) . We pair fed ob/ob mice from both groups to achieve identical food intake (Fig. 6A, insert) . EREGtreatment did not alter weight in any investigated tissue, including the liver (Fig. 6B) , BAT (Fig. 6C) , subcutaneous and iAb WAT depots (Fig. 6D) .
The EREG-treatment did not influence metabolic changes during the active dark cycle. However, ob/ob mice treated with EREG had significantly lower RER during the light cycle (Fig. 6E ) compared to the control ob/ob mice. The cold exposure decreased RER levels in the control ob/ob mice that reached levels observed in the EREG-treated group (Fig. 6E) . These RER values suggest equal utilization of glucose and lipid substrates in both groups after cold exposure. Ob/ob mice treated with EREG also exhibited higher locomotor activity after transition from ambient temperature to cold (Fig. 6F) , whereas the activity in the control ob/ob mice was similar at ambient and cold temperatures. Notably, the metabolic rate did not undergo circadian changes (Fig. 6G) and remained identical between EREG-treated and control ob/ob groups before and during cold exposure (Fig. 6H) . In the iAb fat of ob/ob mice, the expression levels of all PPARα target genes and mitochondrial genes involved in thermogenesis and oxidative phosphorylation were similar between control and EREG treated groups (Fig. 6I) . Given that all effects of EREG related to regulation of energy expenditure in DIO mice were abolished in ob/ob mice, we concluded that EREG mediates its energy expenditure effects via systemic secretion of LEP.
Discussion
LEP is a pivotal adipokine which regulates energy expenditure under anabolic and catabolic conditions in order to maintain energy balance (Friedman 2016) . The well-established regulators of LEP secretion, such as insulin, regulate anabolic processes underlying growth and development, as well as pathogenesis of obesity and diabetes in adults (Szkudelski 2007) . Our studies revealed that EREG is an inducer of LEP production and secretion, which maintained energy expenditure state in obese DIO mice. In these mice, EREG-regulated central energy expenditure responses resulted in the circadian increase in metabolic rate and rise in body temperature after cold exposure. EREG function in the regulation of energy expenditure was dependent on LEP and abolished in ob/ob mice. Similar to anabolic inducers of LEP secretion, including insulin (Szkudelski 2007) , EREG increased LEP secretion without up-regulation of Lep expression in WAT. The studies with pharmacological inhibitors suggest that EREG utilized canonic EGFR receptor MAPK signaling pathway (Yamanaka et al. 2001) to increase LEP secretion. However, further studies are necessary to understand the mechanisms eliciting secretion of LEP.
A distinctive aspect of EREG-mediated LEP secretion is an occurrence of tissue-specific effects in iAb fat. We injected EREG in iAb fat; however, EREG was expected to reach systemic circulation. We observed that increased core temperature after the cold exposure reduced accumulation of WAT in iAb depot in EREG treated DIO mice. These responses were in agreement with the increased expression of genes supporting mitochondrial oxidation and thermogenesis in the iAb fat in EREGtreated mice. This tissue-specific sensitivity of iAb WAT to EREG was also dependent on LEP and abolished in ob/ob mice. The specific effects related to core body temperature (Kaiyala et al. 2016 ) and iAb tissue have been previously reported for LEP. The circadian increase in core body temperature during cold exposure was also observed in ob/ob mice treated with LEP (Kaiyala et al. 2016) . This effect was not dependent on the sympathetic activation of uncoupling protein 1 (UCP1) thermogenesis in the BAT depots, because the denervation of BAT does not prevent weight loss induced by LEP (Cote et al. 2018) . Although the mechanism for these LEP effects has not been fully elucidated, two hypotheses, based on the humoral (Ukropec et al. 2006) and neuroregulatory role (Niijima 1998 ) of LEP, have been proposed for the control of thermogenesis and lipolysis in a fat depot-specific manner (Niijima 1998 ). The neuroregulatory hypothesis proposes different innervation of WAT depots (reviewed in Bartness et al. 2014) . In response to LEP, neurons stimulate lipolysis in an adipose-depot specific manner. EREG treatment in our studies also increased NEFA levels, but decreased TG levels in the circulation, which was accompanied by reduction in the iAb fat. These findings suggest that EREG-induced LEP release facilitated lipolysis in this fat depot. Other studies deciphering the specific role of LEP in thermogenesis have proposed humoral regulation via T3 dependent pathways (Ukropec et al. 2006) , including upregulation of Dio2. This is an alternative pathway for induction of thermogenesis, which does not require UCP1 (Ukropec et al. 2006) . In this study, we also observed humoral regulation of thermogenesis that was related to T3 metabolism. Mice treated with EREG expressed higher levels of Dio2 and Cidea in the iAb fat compared to the control DIO mice. Moreover, these thermogenic changes proceed without upregulation of Prdm16. Similar gene regulation, involved in thermogenic response and mitochondrial oxidation, was found in rats treated with Lep-expressing adenovirus (Zhou et al. 1999) . Cao and co-workers proposed that this gene regulation can effectively reduce iAb fat depots (Yang et al. 2017) . Both studies are in agreement with the proposed function of EREG as an upstream regulator of LEP secretion. Thus, EREG/LEP axes appear to utilize both neuroregulatory and humoral pathways for the regulation of iAb fat. Compared to other adipose depots, iAb obesity poses the highest risk for development of cardiovascular disease, cancer, and diabetes that, together, contribute to the overall increase in mortality in people accumulating iAb WAT (Zhang et al. 2008) . EREG-dependent activation of LEP secretion provides an important insight into the etiology of iAb fat formation and mechanisms of its reduction.
Our data provide an important cue to the understanding of the physiological and pathophysiological role of EREG. EREG was cloned from the 3T3-L1 cell line derived from WAT (Toyoda et al. 1995) and, subsequently, from a variety of other tissues, including various cancers (Toyoda et al. 1997) . EREG induces prolonged activation of EGFR receptor dimers, which promotes breast cancer cell differentiation rather than proliferation (Freed et al. 2017 ). EREG upregulates expression of thermogenic and PPARα-target genes, and downregulates inflammatory genes. (A, B, C, D, E, F and G) Gene expression was measured in total mRNA isolated from whole iAb fat pads of Veh-(white bars) and EREG-treated (black bars) DIO mice using NanoString assay. Gene expression was normalized to the expression of three housekeeping genes. Although this mechanism limits EREG's carcinogenic potential, EREG production in cancer cells or in the iAb fat can potentially influence central and local concentrations of LEP. In breast cancer, the levels of LEP are elevated (Tessitore et al. 2000) , but show an opposite association with cachexia in males (positive correlation) and females (negative correlation). Our work was limited to studying EREG's role in male metabolism, although Ereg is expressed in iAb fat of males and females. However, the energy dissipation state produced by EREG-dependent secretion of LEP may shed light on the understanding of cancer energetics, at least in males. EREG and EGF signaling via EGFR control numerous physiologic processes in cellular growth, proliferation, and tissue regeneration. We found that EREG can regulate RER and locomotor activity during the inactive light cycle in ob/ob. These data could be interpreted as a compensatory effect, increasing thermic responses in skeletal muscle. In this setting, EREG acted independently of LEP. Recent studies ascribed many functions in reproduction (Park et al. 2004 , Kim et al. 2011 , Shiraishi & Matsuyama 2012 , β cell growth and insulin secretion (Kuntz et al. 2005) and immunity (Sugiyama et al. 2005) specifically to EREG. Notably, LEP effects regulate these pathways (Mattioli et al. 2008 , Han et al. 2013 , Friedman 2016 , Hu et al. 2018 . Future studies will decipher a dependence of EREG effects on LEP secretion and identify possible molecular crosstalk between these pathways in different physiological and pathologic settings (Wauman et al. 2017) . In our studies, the majority of EREG responses were dependent on LEP. A novel function of EREG in the regulation of LEP secretion could be used to balance hypo-and hyperleptinemia states and regulate energy utilization.
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